SUMMARY Intermittent aortic root infusion of a cold solution containing either potassium chloride (KCI) or diltiazem was performed in 32 dogs during a 2-hour aortic damping. Half of the dogs in each group had a critical stenosis created on the circumflex artery before cardiopulmonary bypass. Global left ventricular (LV) function was determined I hour after bypass by means of LV pressure, peak dP/dt, LV end-diastolic pressure, cardiac and stroke work indexes. Regional function was assessed through microcrystals in the areas of the circumflex and left anterior descending coronary arteries. LV pressure decreased in all dogs, but more so with the KCI solution (p = 0.02). The stenosis had no specific effect on LV pressure, but affected peak positive dP/dt (p = 0.007) and LV end-diastolic pressure (p < 0.0001). Cardiac and stroke work indexes decreased more in the KCI group than in the diltiazem group (p < 0.002) with or without stenosis. Both positive and negative dP/dt were affected by the type of solution (a greater decrease with KCI), but the narrowing affected only the positive dP/dt. Regional LV function remained unchanged in the absence of a narrowing and was depressed equally in dogs with a narrowing whether they received KCI or diltiazem. Overall LV function appeared to be better preserved with diltiazem, with or without impairment of circumflex flow.
ALTHOUGH myocardial protection through infusion of a cold hyperkalemic solution during ischemic arrest has gained wide acceptance,1' 2 there still is considerable debate on the composition of the solution and on its efficacy when coronary flow is impaired by obstructive coronary artery disease.' 4 Calciumchannel blockers have been suggested either as an adjunct5 to the solution to prevent reperfusion injury or as an alternative to potassium69 as a means of achieving membranoplegia and optimal myocardial protection.
In the present study we compared, in the dog, during prolonged ischemic arrest, the effectiveness of two cold cardioplegic solutions, one that contained potassium chloride and the other diltiazem, a calciumchannel blocker. Each solution was used in two experimental settings: In one group of dogs, the coronary anatomy was left intact; in the other, a critical stenosis was created in the circumflex coronary artery (Cx).
Material and Methods Protocol
Thirty-two mongrel dogs that weighed 20-30 kg were anesthetized with sodium pentobarbital, 30 mg/kg, intubated and ventilated with ambient air. Catheters were inserted in the left carotid artery, the jugular and femoral veins for monitoring pressures, cardiac output and blood sampling. Through a left thoracotomy, the left ventricular (LV) apex was can-nulated with a #22F cannula to measure LV pressure (LVP) and for subsequent decompression.
Two pairs of 2-mm ultrasonic crystals were implanted (through a stab wound, 1.5 cm apart, perpendicular to the long LV axis) near the subendocardium in the area of the left aterior descending coronary artery (LAD) and Cx. The crystals were connected to a sonomicrometric apparatus (Schuessler and Associates). The distance between crystals and calibration was calculated by the technique of Theroux et al. 10 Interventricular septal and posterior ventricular temperatures were monitored with a thermoresistant needle and systemic temperature was monitored with a rectal probe.
After systemic heparinization (3 mg/kg), the dogs were placed on cardiopulmonary bypass (CPB) (Travenol pump and bubble oxygenator 5 MO 310) with a catheter inserted in the right femoral artery and one in the right atrium. Hemodilution (hematocrit 24 ± 4) was used. The priming volume, which consisted of two-thirds Ringer's lactate, one-third dextran 6% in dextrose 5% in water and included 44 mEq of sodium bicarbonate, was adjusted according to weight (50 ml/kg). Perfusion flow (75 ml/min/kg) was regulated so as to keep aortic pressure at 50 mm Hg. Arterial pH was kept at 7.40 ± 0.5 by administering sodium bicarbonate.
When the temperature was lowered to 22-24°C and the LV apex decompressed, the ascending aorta was cross-clamped. Abbreviations: Cx = circumflex artery; LAD = left anterior descending artery; %AL = percent of regional shortening; Max S dL/ dt = maximum systolic velocity. The same variables were measured 30 minutes after cessation of CPB, 1 hour after the aortic clamp had been removed. At that point, systemic temperature was 37°C, arterial pH 7.40 and the heart was in sinus rhythm. In group 3 and 4 dogs, the Cx constrictor was 1080 CIRCULATION still in place. The degree of stenosis was ascertained again by measuring the flow response to the standard 8-second occlusion of the Cx."1 Basal flow was comparable to that before CPB and did not change after temporary occlusion of the artery.
Statistical Analysis Analysis of variance was carried out using a trend analysis design with the assumption that subjects are random, while Cx condition (stenotic or nonstenotic), solution (potassium or diltiazem) and time have fixed effects. This design is a three-factor experiment with repeated measures on one factor -time.'2 Interactions and main effects were judged statistically significant when the probability of an observed F value was less than 0.05 (F value > 4.20, with 1 and 28 degrees of freedom). Care must be exercised when interpreting the significance level of an effect in the presence of a significant higher-degree interaction. fig. 1) The LVP max showed a highly significant decrease for the entire population (p < 0.0001); the decrease was greater with the potassium solution (p = 0.02). No significant difference seemed to result from the narrowing of the Cx ( fig. 1 ).
For the peak positive dP/dt, dogs with a narrowed Cx (groups 3 and 4) reacted differently from those without a narrowing (groups 1 and 2). Postischemic values were significantly lower than mean preischemic values ( fig. 1) In both the Cx and LAD, the presence of a stenosis of the Cx was the only significant source of difference in the return of the values for percent systolic shortening. Changes in %AL were not significant in either areas in the absence of a narrowing (groups 1 and 2), while in the presence of a stenosis (groups 3 and 4), the %AL dropped significantly in the area of narrowing (p < 0.005) and increased in the LAD (p < 0.02, fig. 3 ) in both potassium and diltiazem groups.
The average values of max SL/dt (velocity) in the LAD did not change significantly in any group. Conversely, in the Cx, while the cardioplegic agent appeared to make no difference, the presence of a narrowing did cause a significant decrease in max SL/dt (p < 0.01). Velocity of shortening did not change appreciably in groups 1 and 2 (fig. 3 ).
Discussion
Myocardial protection during induced ischemic arrest has been debated in recent years. Recognition of the concept of optimal myocardial protection, especially during coronary artery grafting, has led to reevaluation and important changes in surgical techniques. Myocardial revascularization, which entailed a 15% incidence of perioperative infarction,'8 was falling short of its goal. Similarily, in valve replacements, inadequate intraoperative protection of the myocardium was considered responsible for the postoperative low-output syndrome."
Numerous experimental'l-l8 and clinical"'6 1920 studies have shown that cessation of all electrical myocardial activity during clamping through hypothermia and pharmacologic cardioplegia leads to recovery of LV function and minimal cardiac necrosis. Potassium chloride is the most commonly used agent for membranoplegia. It stops membrane depolarization by preventing sodium entry into the cells through the fast channels. However, some investigators3' [21] [22] [23] [24] [25] [26] have questioned the effectiveness of cold potassium cardioplegia when delivery of the solution is impaired by coronary artery narrowing, for instance, or when the ischemic arrest is prolonged. In the latter situation, despite frequent infusions of the cardioplegic solution, injury to the myocardial cell is reported to occur at the time of unclamping of the aorta, producing the so-called reperfusion injury.27 These conditions -.impairment of flow by obstructive coronary artery disease and the need for prolonged aortic clamping -usually prevail in patients with severe coronary artery disease.
Hilton and colleagues28 demonstrated in dogs that temporary occlusion of the LAD during ischemic arrest and cold potassium cardioplegia leads to significant dysfunction of the anterior wall. Control dogs in whom perfusion of the cardioplegic solution was uniform retained a normal LV function. Clark et al. 6 reported that reperfusion injury can be abolished by adding nifedipine, a calcium-channel blocker, to the cold hyperkalemic solution. 5 Inhibitors of calcium flux, such as nifedipine, block the entry of Ca++ in the cytosol through the slow channels. A low intracellular Ca++ decreases ATP dissociation and utilization by the contractile proteins and the cell membranes. Energy is consumed not only during contraction but also in the processes of excretion of Ca++ out of the cell and of sequestration of this ion in the sarcoplasmic reticulum (SR [30] [31] [32] In the presence of a critical stenosis, marked coronary vasodilation may, through increased intercoronary flow, promote better delivery of the cardioplegic solution to the area subjected to the narrowing. The noncoronary collateral flow, increasing as a result of peripheral vasodilatation, would provide more substrates to the myocardium despite cessation of coronary flow during clamping. However, these local vascular effects could not overcome the deleterious influence that a stenosis of the Cx exerted on delivery of the cardioplegic solution, and thus, on regional myocardial function. Millard33 observed an increase in flow to ischemic and border zones using diltiazem in porcine myocardium. This increase in flow, also noted in dogs,34 was not associated with improvement in regional hypofunction. Such lack of improvement of regional function may be misleading. In our experiment, for example, regional variables were measured by microcrystals implanted in the center of the Cx area; that is away from the peripheral zones where most changes induced by the calcium blocker would be expected to occur. Such a difference in function between border and center zones has been demonstrated in experiments using verapamil.83
Our experimental design differs from that of others26' 8°0-in that the narrowing was incomplete and left in place throughout the experiment. Maintaining the critical stenosis in place may account for some of the deterioration in LV function after CPB. However, creation of the stenosis before bypass did not alter regional or global functions to a significant degree and, after bypass, the flow across the stenosis was comparable to that before bypass. This suggests that the decrease in flow in the Cx, which was probably responsible for the impaired regional function, had taken place during bypass and clamping of the aorta.
Total coronary flow was not measured before or after bypass; the stenosis on the Cx could have prevented the secondary increase in flow that follows the first few instants of an ischemic insult and that can provide, theoretically, for some repair from the injury.
Preservation of overall LV function may result also from the effect of diltiazem on calcium movements that take place inside the cells and across its membrane during ischemic arrest and reperfusion. [36] [37] During clamping, depolarization may be stopped by blocking either the fast channels with potassium or the slow channel with diltiazem. However, inward calcium flux, which increases under anoxic conditions, is not altered by potassium. Intracellular accumulation of Ca++ may cause structural damage,37 particularly to mitochondria, which show a high affinity for this ion.38 Removal of C++ from the cytosol either by transfer across the membrane or by sequestration in the SR requires energy or ATP." The combination of high calcium and low ATP represents a vicious circle, ultimately lethal to the contractile cell. Blocking the entry of calcium into the cells appears to be a logical step during clamping and at the time of reperfusion.
Of the compounds classified as calcium-channel blockers, some, like diltiazem, may interfere also with the fast sodium channels.3-40 All can induce membranoplegia; that is, cessation of electrical depolarization. Pinsky et al. 4 ' showed that verapamil may not provide sufficient protection during ischemic arrest. In their study, it gave no protection when administered alone during 1 hour of clamping, but provided excellent protection when it was given in combination with potassium, better than that when potassium alone was used. Whether diltiazem used in combination with potassium may achieve greater protection than when given alone is not known.
